Background
The contribution of nonangiotensinergic effects of converting enzyme inhibitors to their hemodynamic effects in patients with chronic heart failure is not clear. A comparison of the effects of renin and converting enzyme inhibition should help to clarify this issue.
Methods and Results Thirty-six patients with chronic heart failure (New York Heart Association class II or III) were randomly assigned to receive double-blind either intravenous placebo, the renin inhibitor remikiren, or the converting enzyme inhibitor enalaprilat followed by coinfusion of a second placebo infusion, the addition of remikiren to enalaprilat, or the addition of enalaprilat to remikiren, respectively. Systemic hemodynamics (Swan-Ganz and radial artery catheters) were measured before (rest and submaximal recumbent bicycle ergometry), during (rest), and at the end (rest and exercise) of each 45-minute single-or combination-infusion period. Placebo did not change hemodynamics or renin activity. Effective inhibition of the renin-angiotensin system by remikiren and enalaprilat was indicated by increases of plasma immunoreactive renin together with rapid and complete inhibition of renin activity after remikiren and an increase after enalaprilat (all Pc.05). Remikiren and enalaprilat rapidly and A ngiotensin-converting enzyme inhibitors improve symptoms,'2 prevent the progression of left ventricular dysfunction and dilatation,34 and reduce mortality5,6 in patients with chronic heart failure. Although their name implies that their mechanism of action relates to the inhibition of angiotensin-converting enzyme and a reduced formation of the vasoconstrictor peptide angiotensin II, it is well known that converting enzyme also cleaves other peptides, including vasodilating kinins.7 Accordingly, blockade of the enzyme also leads to reduced degradation of kinins89 c0 1994 American Heart Association, Inc.
to a similar extent reduced resting blood pressure through a reduction of systemic vascular resistance, and these changes were significantly correlated to baseline plasma renin activity. Both compounds also decreased pulmonary artery, pulmonary capillary wedge, and right atrial pressures to a similar extent (P<.05). During exercise, pulmonary capillary wedge and right atrial pressures were equally reduced and stroke volume index was increased with remikiren and enalaprilat (P<.05 for both). The combination of converting enzyme with renin inhibition or vice versa did not cause additional hemodynamic changes.
Conclusions Specific renin inhibition in patients with chronic heart failure produces short-term hemodynamic effects that are almost indistinguishable from those of converting enzyme inhibition. This finding and the lack of additional effects of converting enzyme inhibition added to renin inhibition suggest that nonangiotensinergic effects of converting enzyme inhibitors do not play a significant role in their short-term hemodynamic effects in patients with chronic heart failure. (Circulation. 1994; 90:2748 -2756 Key Words * renin * converting enzymes * remikiren a enalaprilat * heart failure and accumulation of kinins or vasodilating prostaglandins and therefore may contribute to the blood pressure and hemodynamic effects of angiotensin-converting enzyme inhibitors in normotensive10 and hypertensive humans1l-13 and in patients with chronic heart failure,1415 respectively. The development of potent and specific inhibitors of renin16-19 has provided the opportunity to study the effects of a reduction of angiotensin II formation independent of potential effects related to bradykinin accumulation. These compounds derived from the minimal sequence of angiotensinogen reacting with renin specifically inhibit renin as the rate-limiting enzyme in the cascade leading to formation of the vasoconstricting peptide angiotensin II.20,21 Angiotensinogen is the only known natural substrate for renin, and therefore renin inhibition does not lead to inhibition of bradykinin degradation.9'10 Thus, a comparison of the effects of angiotensin-converting enzyme with those of renin inhibition appears to be well suited to differentiate angiotensinergic from nonangiotensinergic effects of converting enzyme inhibition. 22 To further clarify this issue, we compared the short-term hemodynamic changes induced by the angiotensin-converting enzyme inhibitor enalaprilat with those of the renin inhibitor remikiren23 in patients with chronic heart failure. Because additive hemodynamic effects of angiotensin-converting enzyme and renin inhibitors have also been described,24-26 we studied also the effects of adding enalaprilat to remikiren and vice versa.
Methods

Patients
Three female and 33 male patients (age range, 37 to 75 years; mean age, 57.5+±9.7 years) with chronic heart failure of more than 3 months' duration and dyspnea according to New York Heart Association class II (n= 11) or III (n=25) despite of therapy with digoxin (n=24), diuretics (n=36), or angiotensin-converting enzyme inhibitors (n=20) participated in the study. Seventeen patients had underlying coronary artery disease with previous myocardial infarctions, but none had angina at the time of study. Nineteen patients had underlying idiopathic dilated cardiomyopathy. Angiotensin-converting enzyme inhibitor therapy was discontinued for 2 weeks in the respective patients, and the diuretic was withheld on the morning of the hemodynamic study in all. To be included in the study, patients had to have a reduced left ventricular ejection fraction determined by either contrast or radionuclide ventriculography (range, 9% to 45%; mean, 27.3±9.1%) and a pulmonary artery wedge pressure during right heart catheterization at rest and during exercise of more than 12 and 20 mm Hg, respectively, or a reduced cardiac index at rest (<2.5 L min`.m-2).
The study protocol was approved by the respective hospitals' ethical committees on the use of human subjects in clinical investigations, and written informed consent was obtained from all subjects before the study.
Hemodynamic Measurements
Systemic hemodynamics were measured invasively using standard techniques.27 In short, a flow-guided Swan-Ganz thermodilution catheter was inserted percutaneously under local anesthesia (lidocaine 1%), and the tip was advanced under fluoroscopic guidance to the pulmonary artery for measurement of right atrial, systolic, diastolic, and mean pulmonary artery and pulmonary capillary wedge pressures and cardiac output. Thermodilution cardiac output was determined by injecting 10 mL of ice-cold saline into the right atrium, and the average of two consecutive measurements varying less than 10% was calculated. Systolic, diastolic, and mean arterial pressures were measured directly from the radial or brachial artery, which was cannulated under local anesthesia with an 18-gauge catheter (Abbocath-T, Abbott). Systemic vascular resistance (dyne. s-1 . cm~5) was calculated by dividing mean arterial pressure by cardiac output. Heart rate was measured from the ECG, which was monitored throughout the study.
Hormone Determinations
Arterial blood for measurement of renin was drawn into prechilled tubes containing EDTA, immediately placed on ice, centrifuged at 4°C, and frozen at -70°C until assaying. All samples from a subject were analyzed in duplicate in the same assay to avoid interassay variability. For Randomization and Drug Administration
Patients were randomized per center in groups of three to one of the following groups (Fig 1) . One group received a placebo infusion followed by coinfusion of a second placebo. The second group received the renin inhibitor remikiren followed by coinfusion of the angiotensin-converting enzyme inhibitor enalaprilat. The third group received enalaprilat followed by coinfusion of remikiren.
All infusions were freshly prepared, and doses were adjusted to the patients' weight by the respective hospitals' pharmacies. Drug concentrations were calculated so that identical volumes of the two infusions were infused for each patient using constant-speed infusion pumps (Perfusor, B. Braun). Treatment was started with a slow intravenous bolus injection administered over 5 minutes and followed by a constant-rate infusion until the end of the study. Eighty minutes after the start of the first infusion, the second infusion was added in an identical way, starting with a slow intravenous injection followed by coinfusion of both compounds for the remainder of the study. Placebo infusions consisted of 0.9% saline. Remikiren was given as a 0.3 mg/kg intravenous bolus followed by infusion at a rate of 0.1 mg/kg per hour. This dosage regimen was chosen based on previous studies in volunteers showing rapid, complete, and long-lasting renin inhibition after similar intravenous doses. 32 Enalaprilat was administered as a 9 gg/kg intravenous bolus followed by infusion of 1.5 ,ug/kg per hour. This dosage regimen was chosen based on the manufacturer's recommendation and published data showing that similar doses induced rapid hemodynamic changes and complete inhibition of angiotensinconverting enzyme. [33] [34] [35] [36] Study Protocol
All studies were performed in the morning with the patients recumbent and comfortably resting after a light breakfast. The studies were performed in a quiet, air-conditioned room at an ambient temperature of 200 to 22°C and lasted approximately 4 to 5 hours. The sequence of assessments is depicted schematically in Fig 1. After completion of instrumentation, the patients were allowed to rest for 60 minutes. Subsequently, resting pressure, heart rate, and cardiac output were measured, and blood was withdrawn for hormone determinations. The 
Results
Baseline characteristics of the three study groups are depicted in Table 1 . There were no significant differences in hemodynamic or hormonal parameters among the groups assigned to the three different regimens. Two patients were withdrawn from the study. One patient developed symptomatic hypotension 15 minutes after enalaprilat was started during the first infusion period. Rapid infusion of 0.9% saline reversed hypotension, and the patient recovered without sequelae. Technical problems necessitated termination of the study at the end of the first infusion before the repeat exercise test in the other patient who was randomized to placebo infusions.
Hormonal Responses
The capillary wedge pressures during infusion of placebo, remikiren, or enalaprilat is depicted in Fig 3. Resting and exercise hemodynamic measurements before and at the end of each single infusion are summarized in Table 3 .
Placebo did not change any hemodynamic parameter at rest or during exercise, attesting to the reproducibility of the methods used and the adequacy of the study design. In contrast, both remikiren and enalaprilat significantly reduced resting blood pressure, pulmonary artery, and pulmonary capillary wedge pressure within 5 minutes after the respective infusions were started.
As detailed in Table 3 , the pattern and magnitude of resting hemodynamic changes were almost identical for remikiren and enalaprilat, although some hemodynamic changes, although numerically similar, were significant compared with baseline measurements for one compound but not for the other (eg, right atrial pressure and cardiac index). However, none of these differences between remikiren and enalaprilat reached statistical significance. Both drugs caused a marked reduction in peripheral vascular resistance. As shown in Fig 4, the reduction in systemic vascular resistance was significantly correlated to pretreatment plasma renin activity for either drug. Likewise, the decrease in diastolic arterial pressure correlated with pretreatment plasma renin activity for both remikiren (r=.59, P<.05) and enalaprilat (r=.85, P<.01).
As would be expected from preload and afterload reducing therapy, cardiac filling pressures, eg, pulmonary capillary wedge and right atrial pressures, were significantly and similarly lowered during exercise in patients administered remikiren or enalaprilat ( mikiren and for enalaprilat. Although such a correlation at least in theory might be expected for a specific renin inhibitor such as remikiren and has been described in an experimental model of ovine heart failure37 and in human hypertension,38 its existence for the angiotensinconverting enzyme inhibitor might be taken as evidence that interference with the renin-angiotensin system was the major determinant of the hemodynamic effects of enalaprilat.39 However, it must be kept in mind that correlations cannot prove a causal relation, although they are well compatible with it. Finally, angiotensin II type 1 receptor blockade by specific receptor antagonists also resulted in hemodynamic changes comparable to those of captopril in a rat model of heart failure. changes after administration of the angiotensin II type 1 receptor antagonist losartan in patients with chronic heart failure appears to be of similar magnitude compared with published data regarding converting enzyme inhibitors. 41 The acceptance of this interpretation of the present data relies to a major degree on the assumption that complete blockade of the renin-angiotensin system was induced by either drug. The renin inhibitor used in this study is a transition-state renin substrate analogue with a high affinity for human renin, little or no affinity for other aspartyl proteases, and virtually no effect on angiotensin-converting enzyme in animals42 or humans.43 In the present study, plasma renin activity was rapidly reduced to almost undetectable levels after administration of remikiren in all subjects. In agreement with the known regulatory mechanisms governing renin release, immunoreactive renin increased after remikiren due to interruption of negative feedback control of plasma renin by reduced angiotensin II levels.44 This effect persisted throughout the period of drug administration, confirming the potency of this renin inhibitor when administered intravenously in humans. 32, 44 Enalaprilat also caused biochemical changes compatible with blockade of the renin-angiotensin system; plasma renin activity and immunoreactive renin increased as expected from a loss of negative feedback control of plasma renin by reduced angiotensin II levels, but completeness of converting enzyme blockade is more difficult to determine without measurement of converting enzyme activity or plasma angiotensin II concentrations. However, indirect evidence suggests that enalaprilat provided complete blockade of the renin-angiotensin system. Thus, renin inhibition by remikiren after enalaprilat completely suppressed elevated plasma renin activity but did not cause additional hemodynamic effects as has been described when blockade of the renin-angiotensin system by a converting enzyme inhibitor alone was incomplete45 or when enalaprilat-induced hyperreninemia caused blood pressure to become partially renin dependent. Also, intravenous infusion without preceding bolus injection of a much lower dosage of enalaprilat, eg, 0.25 mg/hr, inhibited plasma angiotensin-converting enzyme activity already by approximately 60% after 1 hour. 36 Thus, it appears reasonable to assume that the present dosage regimen using an approximately three times more initial bolus (9 gg/kg or 0.675 mg for a 75-kg patient) followed by a low-dose infusion resulted in complete angiotensinconverting enzyme inhibition. Finally, hemodynamic and hormonal changes in this study closely resemble findings in other studies of enalaprilat using higher doses. 35, 39, 46 Our findings are in contrast to some others in experimental animals and humans. Thus, data obtained in normotensive healthy volunteers,10 hypertensive patients,1" and normotensive47 and hypertensive48 animals suggest a role of non-angiotensin-mediated effects of angiotensin-converting enzyme inhibitors. The difference between these observations and the present findings is probably best explained by the fact that chronic heart failure is characterized by neurohormonal activation in many patients49,50 and, in particular, by increased activity of the renin-angiotensin system in patients administered diuretics.5' This activation of the reninangiotensin system might lead to a dominance of angiotensin-mediated effects as observed in this study and might explain, at least in part, the different results obtained in normotensive'0 or hypertensive'3,52 humans.
However, contrasting results have also been described in patients with heart failure. Thus, aspirin counteracted the systemic arterial vasodilation of angiotensin-converting enzyme inhibition with enalapril,15 and indomethacin attenuated the forearm vasodilator effects'4 of captopril in patients with heart failure. These short-term findings, therefore, are compatible with a role of bradykinin-mediated release of vasodilating prostaglandins for the short-term hemodynamic response to angiotensin-converting enzyme inhibition in human heart failure and are not easily reconciled with our results. However, one obvious difference is the investigation of a regional vascular bed, eg, the forearm circulation in one of the studies'4 compared with the systemic circulation in the present investigation. Thus, it is conceivable that the vascular bed of the forearm, which mostly supplies skeletal muscle, behaves differently from other vascular beds, which may override any potential effect seen in the human forearm. Accordingly, when an integrated approach is chosen, such as the measurement of systemic hemodynamic changes in this study, a regional difference might go undetected. However, even if this were so, the relevance of such regional differences would have to be determined in the presence of almost identical systemic hemodynamic changes.
Although the human forearm'4 may not be representative for other vascular beds in patients with heart failure, the reduction by aspirin of enalapril-induced systemic vascular resistance changes15 is more difficult to reconcile with the present data. Theoretically, the present data cannot exclude the possibility that angiotensin-converting enzyme inhibitors have a dual mode of action and that the contribution of each to the total effect depends on the prevailing activity of the renin-angiotensin system and/or the blood pressure level. Thus, non-angiotensin-mediated effects might be of no major importance when the renin-angiotensin system is already completely blocked and blood pressure is reduced, a situation presented in this study by patients receiving remikiren first followed by enalaprilat. Counterregulatory mechanisms might mask additional non-angiotensin-dependent vasodilation in this situation, but we did not observe additional vasodilation at any time after the addition of enalaprilat to remikiren, and heart rate did not increase. Alternatively, activation of bradykinin and/or prostaglandin effects may require longer than the time span allowed in this study, but other studies in humans appear to argue against this explanation.'4,52 Thus, the present results in patients with heart failure appear to be best explained by a predominance of renin-angiotensin system inhibition over any putative non-angiotensin-mediated shortterm hemodynamic effect.
This was a short-term study, and the results obviously cannot be extrapolated to long-term therapy as suggested, eg, by greater blood pressure-lowering effects of the converting enzyme inhibitors cilazapril53 and lisinopril54 during prolonged compared with short-term theries in humans suggesting an involvement of nonangiotensinergic mechanisms in the hemodynamic effects of angiotensin-converting enzyme inhibitors'4"15 also should not be extrapolated to long-term therapy since nonangiotensinergic effects -if they exist -may be only transient and therefore of unknown relevance for long-term hemodynamic effects. Thus, trials using longterm renin inhibition or angiotensin LI type 1 receptor blockade will be needed to solve this question eventually. Long-term data certainly would be interesting for renin inhibitors since they should also allow better delineation of the relation between decreases of angiotensin II levels and improvement of symptoms, but they may not be available soon because the oral bioavailability of renin inhibitors currently under investigation is very low. However, demonstration of similar hemodynamic efficacy compared with angiotensin-converting enzyme inhibition, as in the present study, should encourage the pursuit of this potentially new therapeutic modality.
There is little other information regarding the hemodynamic effects of renin inhibition in patients with heart failure, but the magnitude and the pattern of short-term hemodynamic changes at rest in this study are In conclusion, our results demonstrate that specific renin inhibition in patients with chronic heart failure produces short-term hemodynamic effects that are almost indistinguishable from those of converting enzyme inhibition, suggesting that nonangiotensinergic effects of converting enzyme inhibitors do not play a significant role in their short-term hemodynamic effects in patients with chronic heart failure. Evaluation of long-term renin inhibition is needed to document the clinical effects of specific reductions of angiotensin II.
